ABSTRACT. The magnetic field penetration, phase shift and power deposition in planar and cylindrical models of biological tissue exposed to a sinusoidal time-dependent magnetic field have been investigated theoretically over the frequency range 1 to 100 MHz. The results are based on measurements of the relative permittivity and resistivity dispersions of a variety of freshly excised rat tissue at 37 and 25 'C, and are analysed in terms of their implications for human body nuclear magnetic resonance (NMR) imaging.
power loss associated with the induced fields produced by the RF pulse will result in heating of the specimen. I n medical applications this heating should be kept below recognised danger levels.
Although the effects of RF electromagnetic (EM) radiation on biological tissue are fairly well documented (Schwan 1965, Johnson and Guy 1972, Michaelson 1972, Lin, Guy and Johnson 1973) , the NMR imaging situation differs in that the resonant applied alternating magnetic field has only a very small associated electric field so that the electrically induced component of the absorbed power is negligible in comparison with the magnetically induced component. I n addition, variations in phase, as well as amplitude, are important where phase-sensitive detection is employed (Hinshaw 1976 , Mansfield, Maudsley and Baines 1976) .
The present paper represents a first attempt at quantifying the extent of RF magnetic field penetration, phase shift and power deposition in biological tissue samples during an NMR imaging experiment. Calculations showing the behaviour of the magnetic field within samples assume semi-infinite planar and infinitely long cylindrical models of homogeneous biological tissue. The latter model is particularly relevant to thin section NMR imaging , Mansfield and Maudsley 197713, Hinshaw, Andrew, Bottomley, Holland, Moore and Worthington 1978) where end effects can be ignored in all but the extremities of a specimen. This is because only the NMR signal derived from a well defined cross-section is of interest. The power deposition estimates also assume a cylindrical homogeneous tissue model. All of these calculations assume a uniform applied RF field, and refer to the distortions and power deposition of the RF field prior to NMR absorption. The calculations are based on measurements of the resistivity and relative permittivity of freshly excised rat lung, brain, liver, hepatoma D23, kidney, heart and abdominal wall muscle tissues a t 37 and 25 'c over the frequency range 1 t'o 100 MHz using a technique developed in this laboratory (Bottomley 1978).
Theory

Semi inJinite planar model
The magnetic induction B, in a linear, homogeneous and isotropic medium must satisfy the wave equation
where E is the permittivity, p the permeability and p the resistivity of the medium. The solution of eqn (1) which describes the behaviour of a sinusoidal time-dependent magnetic induction field in a semi-infinite plane of conducting material is the same as that which describes the propagation of plane electromagnetic waves in conducting media (Lorrain and Corson 1970) . Thus if the conducting material which occupies the region x 2 0 ( fig. l(a) The reciprocal of the imaginary part K,, of the wave number, is the distance over which the amplitude of the field is attenuated by a factor lie and is the skin depth of the medium. The real part, KR ( = 2n/A, where X is the wavelength in the medium), gives rise to a change in phase with position in the material.
Cylindrical model
Consider an infinitely long cylinder of radius v, of the conducting material coaxial with the z-axis and immersed in the alternating magnetic field described by eqn (2). Cylindrical polar coordinates r , 6' and z are employed ( fig. l@) ). By symmetry, the field inside the cylinder will be a function of the radial position coordinate only, and if we assume a solution of (1) Here the attenuation in amplitude of the magnetic field is described by the ratio I I,(Kr) I /I I,(Kro) 1 and the phase variation is described by &r). The infinite series Re I,(Kr) and Im I,(Kr) converge rapidly in practice.
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Power deposition
Power losses in the form of joule heating within the specimen will derive from eddy currents induced by the alternating magnetic field. In the above configuration, the induced electric field E , as deduced from Faraday's Law, is where I, is a modified Bessel function of the first kind of order one (Schelkunoff 1943). The absorbed power density resulting from both conduction and displacement current losses is given by (Johnson and Guy 1972) 
where U = l/p is the effective (measured) conductivity of the tissue, and is the amplitude of the real part of (10).
If the field is pulsed, as in an NMR imaging experiment, the power density is averaged over a complete pulse cycle (Schwan 1965 ). Thus, if T and 7 are respectively the NMR pulse length and the pulse repetition period, the time averaged absorbed power density is T P = U " I E 1 2 .
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It may be noted that the amplitude of the RF field, B,, is also related to the pulse length, T, via the Larmor equation, and for 90' pulses at the proton resonance, B, = 5.87 x lO-g/T tesla, T in seconds.
Experiment
The values of the permittivity and resistivity of biological tissue used in the present investigation were obtained from measurements of the tissue impedance using a type 4815A HewletGPackard RF vector impedance meter (Bottomley 1978). The measurements were performed a t frequencies of 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90 and 100 MHz a t 37 'c and 25 'c. The temperature was controlled to within 1 'c during measurements by blowing dry heated air over the meter probe and specimen cell assembly.
The resistivity and relative permittivity dispersions of seven different tissue types at 37 'c are shown in figs 2(a) and 2(b). All of the tissue samples were taken from freshly killed white Wistar rats and all measurements were completed within six hours of death. The curves shown for each tissue type represent an average from measurements taken from six tissue samples. Individual samples exhibited curves which deviated from these mean curves by less than 5%. This can be attributed to a combination of experimental error and the natural heterogeneity of biological specimens. (1965) . A possible cause of the difference between the results for healthy and tumorous liver tissues is the increase in water content and change in the ratio of free to bound water of tumorous tissue relative to its host (Kiricuta and Simplaceanu 1975) . 
Results
Curves showing the variation of the skin-depth of penetration of the RF magnetic field from 1 to 100 MHz in the seven tissue types at 37 'c are shown in fig. 3(a) . The corresponding phase shifts a t one skin depth and 37 'c are shown in fig. 3(b) for the planar tissue model. The curves are calculated from eqns (3), (4) and (5) with the data shown in fig. 2 and assuming a tissue magnetic permeability equivalent to that of free space. The skin depths of abdominal wall muscle, tumour, heart, liver and kidney a t 1 , 1 0 , 2 7 , 4 1 and 100 MHz are in tolerable agreement with values characteristic of tissue of high water content published by Johnson and Guy (1972) . However, the large variations in skin depth with tissue type observed here emphasise the difficulty in assigning a single meaningful representative value t o such a broad range of tissues. The behaviour of the RF magnetic field within a cylinder of tissue a t 37 ' C , as described by eqn (g), is illustrated in figs 4 and 5. In figs 4(a), 4(b) and 4(c) the field amplitude, phase shift and combined amplitude-phase variation a t the axis of tissue cylinders of radius 20 cm, as a function of frequency, are shown. Cylinders of this size give a fair approximation to an average human torso. Fig. 5(a) shows the amplitude-phase variation at the axis of a muscle cylinder as a function of the cylinder radius for different frequencies. Fig. 5(b) shows the amplitude-phase variation along the radius of a muscle cylinder of fixed radius 20 cm for different frequencies.
The results for the cylindrical tissue model differ significantly from those for the planar tissue model. Within the cylinder, the variation in field amplitude with position is far from the exponential decay exhibited in the planar model (eqn 3) and may even increase towards the centre of the cylinder. This increase is due to a combination of the reduced wavelength in the medium and the radius of curvature which can produce a focussing of the RF field that more than compensates for the conduction and displacement current losses. The zero's in the curves of figs 4(c), 5 ( a ) and 5(b) occur a t phase shifts of nn/2, where n is an odd positive integer.
The absorbed power density associated with the induced eddy current losses in a 20 cm radius tissue cylinder is shown in fig. 6 . The calculated curves (eqn (11)) assume that the cylinder is subjected to a string of 10 ps 90' RF pulses at the proton resonance, spaced a t intervals of 10 ms. This is comparable to our existing NMR image operating conditions (Hinshaw et al. 1978 ). Power absorption estimates for different T or T values can be obtained from fig. (6) by appropriate scaling as indicated by eqn (11).
Greatest power absorption occurs at the surface of the cylinder where the eddy current loops are linked by the greatest flux. Within the cylinder, the power absorption density decreases monotonically to zero at the axis where the flux linkage is zero. For muscle tissue this is shown in fig 6(a) for different frequencies. The surface absorbed power density for all of the tissues as a function of frequency is shown in fig. 6(b) . At the higher frequencies the surface power absorption is less than would be expected from a low frequency extrapolation because the magnetic field penetration is reduced, thus giving rise to a decreased flux linkage. Part ( b ) shows the absorbed power density at the surface of the 20 cm radius cylinder for most of the tissues as a function of frequency. The curve for heart falls midway between those of muscle and kidney and the curve for tumour lies midway between that of muscle and heart. The calculated curves assume T and T are 10 p and 10 ms respectively.
Discussion
In the planar tissue model, fig. 3 indicates that a skin depth of 20 cm or less is approached by most tissues a t frequencies of approximately 20 MHz, with corresponding phase shifts of around 80". Remembering that the skin depth represents an attenuation in amplitude to 37% of that at the surface, it would appear that we might expect serious RF field attenuation and phase problems to occur a t frequencies of 20 MHz and higher in human body sized NMR imaging experiments. The results from the cylindrical tissue model lend qualitative support to this conclusion although the RF field attenuation is less severe owing to the surface curvature.
From the NMR imaging viewpoint, an attenuation in amplitude to 37% at the centre of the specimen will mean that an NMR pulse which is 90" at the surface will be reduced to a 33" pulse at the centre resulting in a 45% reduction in the NMR signal. Similarly, an attenuation of 50% results in a 30% reduction in the NMR signal at the centre. For a 20 cm radius muscle cylinder, the latter condition is reached a t a frequency of nearly 60 MHz ( fig. 4(a) ). The effect on an KMR image would be t o produce 'fading' or loss of sensitivity in this region.
Phase variations in the RF field throughout a specimen will produce distortions in the NMR signal and hence the resultant NMR image. For example, if the NMR signal is pure absorption mode at the cylinder surface, it will be pure dispersion mode a t regions where the phase shift is go", and inverted a t regions where the phase shift is 180°, thus giving rise t o a large negative signal in these regions. The extent of the image deterioration caused by these phase variations will depend upon the imaging technique employed. A possible solution to this problem would be to use the power spectrum of the NMR signal. For the cylindrical model, phase shifts of n/4, n / 2 and 7~ are reached a t frequencies of 14, 30 and 74 MHz respectively, within the 20 cm muscle cylinder ( fig. 4(b) ).
Present power density safety standards are all expressed in terms of flux levels. The maximum recommended safe power density flux for long term human exposure in the United Kingdom is 10 mW cm-2 (Ministry of Technology 1968) . This corresponds to an absorbed power density of order 1 mW cm-3 or a current density of approximately 3 mA cm-2 (Schwan 1972). The surface power absorption in an NMR imaging experiment operating under the specified conditions exceeds this figure a t frequencies greater than about 5 MHz ( fig. 6(a) ) for the 20 cm radius tissue cylinders. The averaged power absorption throughout the cylinders exceeds this figure a t frequencies greater than about 10 MHz. Different imaging techniques may increase or reduce power absorption levels. For example, with T and T values of 60 and 800 ps respectively as employed in the technique of Damadian et al. (1977) , the above absorbed power level estimates would be doubled, and the surface power absorption would exceed 1 mW (3111-3 a t operating frequencies greater than about 3.5 MHz. It should be noted however that power levels much greater than the recommended value are used in clinical diathermy treatment of many areas of the human body (Schwan 1965, Johnson and Guy 1972) .
Finally, there are several additional considerations which must be taken into account when applying the above results to a real human body sized NMR imaging situation. Firstly, there are the problems which arise from the assumptions made in the derivation of the simplified theory presented. These are: (i) that the applied RF field is perfectly uniform and unaffected by the specimen and (ii) that the specimen is composed of a single homogeneous tissue infinite in extent and either of planar or cylindrical geometry. I n heterogeneously composed specimens, reflections and refractions a t tissue interfaces should also be taken into account (e.g. Kritikos and Schwan 1976) . Secondly, we have considered only the behaviour of the RF field at the resonating nuclei. The NMR signal itself may undergo additional distortions prior to detection. There will also be an additional power absorption component resulting from nuclear magnetic relaxation processes, but this is likely to be several orders of magnitude below that due to eddy-current losses (Grannell and Mansfield 1975) .
Conclusion
Evidence based on simple planar and cylindrical tissue models indicates that the distortion in both amplitude and phase of the resonant magnetic field is sufficient to cause serious problems in NMR imaging of the human body a t frequencies greater than 30 MHz. Should it be desired to operate a t such frequencies in order to improve the signal-to-noise ratio for example (Hinshaw 1976) , it may be possible to correct for these distortions using the theory and results presented.
Power deposition during an KMR imaging experiment on a human torso will depend on the imaging technique employed. Although the power deposition estimates presented relate to our existing NMR image operating conditions, with a simple modification they can be made to apply to other NMR imaging systems. With the operating conditions specified, the maximum recommended safe power density for long term human exposure is exceeded a t NMR imaging frequencies greater than 5 MHz. However, the power levels achieved below 100 MHz are no greater than those used in clinical diathermy treatment, and with the relatively short exposure times envisaged for a completed image , it is improbable that RF heating will occur a t dangerous levels. 
